The rain/no-rain threshold value of cloud liquid water path is important for rain/no-rain classification in microwave precipitation retrieval algorithms. In our previous study, we proposed a parameterization of rain/no-rain threshold value of cloud liquid water path as a function of storm height for the Global Satellite Mapping of Precipitation (GSMaP) algorithm. In this study, we determine rain/no-rain threshold value of cloud liquid water path using the CloudSat precipitation product.
Introduction
Satellite-borne microwave radiometers provide observations of global precipitation through measuring brightness temperatures (TBs). Monitoring the distribution of global precipitation is very useful for the study of the global water cycle and water resources. TBs measured by the microwave radiometers depend on the absorption and scattering properties of the atmosphere and the underlying surface which vary with frequency and polarization. Thus, there are generally two methods for estimating precipitation: one using an emission signature from raindrops over the spectrum of lower frequencies (emission-based algorithm) and the other using a scattering signature from ice crystal over the spectrum of higher frequencies (scattering-based algorithm).
The microwave precipitation retrieval consists of a rain/no-rain classification (RNC) and an estimation of the rain rates over the delineated rainy area. The RNC method is an important step in any microwave precipitation retrieval and its misclassification produces a deficient fractional occurrence of precipitation and retrieval bias.
There is a problem in identifying precipitating clouds from nonprecipitating clouds for microwave precipitation retrieval algorithms 1, 2) . Because the microwave radiometers observe an emission signature from both cloud water and precipitation, threshold value of vertically integrated cloud liquid water path is required to discriminate precipitation from cloud for microwave precipitation retrieval algorithms. However defining the rain/no-rain threshold value of cloud liquid water path that works in every climatic regime is extremely difficult, since there is very little validation data available. Therefore, simple, empirical rain/no-rain threshold values of cloud liquid water path employed in microwave precipitation retrieval algorithms are most commonly used to classify the microwave radiance scenes that are most likely to contain precipitation. For example, the Goddard PROFiling (GPROF) algorithm employed the rain/no-rain threshold value of cloud liquid water path with about 0.3 kg m -2 3) . The Global Satellite Mapping of Precipitation (GSMaP) algorithm employed a globally constant rain/no-rain threshold value of cloud liquid water path with 0.5 kg m -2 4) . It is difficult to detect shallow rain for using either emission-based algorithm or scattering-based algorithm because shallow rain has little ice aloft and has a scale smaller than the resolution of the channels used for the emission-based algorithm. Here, we define shallow rain as a precipitation top height lower than the freezing level height. To detect the shallow rain, it is necessary to use the emission signature at By Satoshi KIDA 1) , Shoichi SHIGE 2) , Takeshi MANABE 1) , Tristan L' ECUYER 3) and Gousheng LIU the higher frequency (i.e. 37-GHz, 85-GHz), which is often used scattering-based algorithm, because these channels have the finer spatial resolution than the scale of shallow rain. They have also the higher sensitivity to cloud liquid water path. Therefore a reasonable threshold value of cloud liquid water path is required to detect the shallow rain. Tropical Rainfall Measuring Mission (TRMM) is a joint mission between the National Aeronautics and Space Administration (NASA) of the United States and the Japan Aerospace Exploration Agency (JAXA). The objective of TRMM is to measure rainfall of tropical and subtropical regions from space. The TRMM carries two microwave sensors on the same platform for quantitative rainfall measurement: the precipitation radar (PR) and the TRMM microwave imager (TMI) 5) and provides nearly simultaneous observation from PR and TMI.
In the previous study 6) , the RNC method for the GSMaP algorithm was revised to use the 37-GHz emission more efficiently in order to identify the shallow rain and was applied to the TMI observation. The results are then evaluated against the RNC made by the PR observation, considered as the truth. The revised RNC method for GSMaP (GSMaP2) performs better than the original RNC method for GSMaP (GSMaP1) over the mid-latitude in winter. However, over subtropical ocean, the performance of GSMaP2 becomes worse than that of GSMaP1 because GSMaP2 misses the shallow isolated rain over subtropical ocean. For the GSMaP1 and GSMaP2, it is arbitrarily assumed that there exists a cloud layer with a cloud liquid water path of 0.5 kg m -2 below the freezing level height in both deep rain and shallow rain (Fig.  1a) because the distinction between precipitation and cloud and its relationship to the cloud liquid water path is not entirely understood. The rain/no-rain threshold value of cloud liquid water path with 0.5 kg m -2 for GSMaP may be higher than that for shallow isolated rain, leading to missing rain. Therefore, we proposed a parameterization of rain/no-rain threshold value of cloud liquid water path as a function of storm height (Fig. 1b) , which is computed by
where L p (kg m -2 ) is a rain/no-rain threshold value of cloud liquid water path, H storm (km) is the storm height derived from the TRMM PR3A25, a monthly mean estimates with gridded 5-degree spatial resolution. The constant value of 0.1 g m -3 is derived from cloud liquid water path of 0.5 kg m -2 in a typical freezing height level of 5 km. The parameterization is only applied to the region where the shallow rain is predominant (e.g. subtropical ocean, South Atlantic Ocean and Indian Ocean).
The GSMaP algorithm with the parameterization of rain/no-rain threshold value of cloud liquid water path performs better than that with constant rain/no-rain threshold value over subtropical oceans. However, the parameterization of rain/no-rain threshold values of cloud liquid water path is imperfect because the parameterization is applied only to the region where the shallow rain is predominant and employs the constant cloud liquid water content of 0.1 kg m -2 . Although the RNC made by the PR observation was considered as the truth in the previous study, there still remain uncertainties of the RNC for light rain because the 17-dBZ threshold of PR limits it to detecting rain rates greater than 0.2-0.4 mm h - 1 7) . CloudSat, a part of the afternoon A-train constellation of satellite, contains the Cloud Profiling Radar (CPR) to observe elements of the Earth's atmosphere from space 8, 9) . The CPR is a W-band, nadir-pointing radar system designed for the vertical profiling of hydrometers in atmosphere. Although usually optimized for the observations of clouds, the CPR, which achieves a minimum detectable cloud reflectivity of -28 dBZ, is also highly sensitive to the presence of drizzle and/or light rain. The Aqua satellite containing the Advanced Microwave Scanning Radiometer for the Earth Observation System (AMSR-E) 10) flies approximately 1 minute ahead of CloudSat in the A-Train formation, providing nearly simultaneous views of the same scene.
In this study, we determine the rain/no-rain threshold value of cloud liquid water path using the CloudSat CPR precipitation product, which include both rain detection estimated by CPR and liquid water path estimated by AMSR-E, and validate the parameterization of rain/no-rain threshold value of cloud liquid water path as a function of storm height for GSMaP algorithm.
Data
The CloudSat CPR is sensitive to both clouds and precipitation, and is particularly well suited to the discrimination of raining clouds from non-raining clouds, as well as the quantification of light to moderate precipitation. The CloudSat CPR rainfall estimates used in this study are from the 2C-PRECIP-COLUMN algorithm 11) . The 2C-PRECIP-COLUMN Precipitation Product includes a rain/no-rain classification ("no precip detected", "rain possible", "rain probable", "rain certain"), the cloud top height, the freezing height and column liquid water path derived from AMSR-E Level 2B Global Swath Ocean Product 12) . In this study, we use CloudSat CPR precipitation products from June 2006 to June 2008.
The TRMM PR is a Ku-band, nadir-looking precipitation radar measuring back-scatters from precipitation particles [13] [14] [15] . The PR observes three-dimensional structures of precipitation at a fine resolution (approximately 5 km) with a 220-km-wide swath after the satellite altitude was changed from 350 km to 402.5 km in August 2001 16) . In this study, the storm height from PR3A25 is also used.
Method for Determining the Rain/No-rain Threshold Values of Cloud Liquid Water Path
Our goal is to determine the rain/no-rain threshold value of cloud liquid water path using the CloudSat precipitation product. The rain/no-rain threshold value of cloud liquid water path is important for detecting shallow rain. Therefore, only the shallow rain pixels and no-rain pixels are considered. The rain pixel which has the cloud top below the freezing height is identified as the shallow rain pixel. Figure 2 shows a probability density function (PDF) of liquid water path derived from AMSR-E for the rain cases and no-rain cases. The presence of rain is determined by the CloudSat precipitation products. When a rain/no-rain threshold value of cloud liquid water path to determine the presence of rain is given, two kinds of errors occur. One is that no-rain areas are misjudged as rain areas (false rain) and the other is that rain areas are misjudged as no-rain areas (missing rain). To avoid changing rain amount due to the errors of the rain detection, we determine the rain/no-rain threshold value of cloud liquid water path so that missing rain amount and false rain amount can compensate each other. We compute the rainfall rate in the misjudged cases derived from the liquid water content assuming the Marshall-Palmer drop-size distribution (DSD) 17) . The Marshall-Palmer DSD is written as (2), (3), (4) and (5), the relationship between the liquid water content W and the rainfall rate R can be written as
The liquid water content W is derived from the liquid water path divided by the cloud top height. The false rain amount M false and the missing rain amount M miss are derived from the summation of rainfall rate R: (8) where P false is the number of false rain pixel and P miss is the number of missing rain pixel. Rain amount M is computed for every latitude bin and for every season. Then, we determined the rain/no-rain threshold values of cloud liquid water path such that M false equals M miss in every latitude bin. for GSMaP over all regions. The rain/no-rain threshold values of cloud liquid water path are found at its peak in the tropics and decreases poleward. This variation from equator to mid-latitude may be associated with the variation of freezing height. It is also found that the seasonal variation in the subtropics is larger than that in mid-latitude. Figure 4 shows the rain/no-rain threshold values of cloud liquid water content (g m -3 ). These rain/no-rain threshold values of cloud liquid water content are computed from the threshold values of cloud liquid water path (Fig. 3) divided by the zonal mean storm height derived from PR3A25. The rain/no-rain threshold values of cloud liquid water content are higher in the tropics and lower in the mid-latitude. Because the tropics are relatively unaffected by strong baroclinic waves and fronts, the horizontal uniformity over wide regions is maintained in tropics and precipitation is mostly produced by purely convective processes. On the other hand, in mid-latitude, precipitation is associated with baroclinic and frontal systems. Differences in precipitation process between tropics and mid-latitude might lead to the fact that the rain/no-rain threshold values of cloud liquid water content are higher in the tropics and lower in the mid-latitude.
Result and Discussion
The rain/no-rain threshold values of cloud liquid water content are much lower than that of 0.1 g m -3 for the GSMaP algorithm. On the other hand, the rain/no-rain threshold values of cloud liquid water content are almost same as that of 0.063 g m -3 for GPROF in the tropics, but are lower in the mid-latitudes. This is consistent with the fact that GPROF produces better estimation in the tropics than mid-latitude because the cloud-radiative database supporting the GPROF algorithm mainly consists of numerical simulations of tropical cloud systems 18) . The rain/no-rain threshold value of cloud liquid water path depends on cloud liquid water content (g m -3 ) and the cloud depth. Over the region where the shallow rain is predominant, the cloud height is well below the freezing height and close to the rain top height. Therefore, in our previous study 6) , we proposed a parameterization of the rain/no-rain threshold value of cloud liquid water path using the rain top height (see Eq. (1)).
We revised the parameterization of cloud liquid water path in GSMaP3 by changing the constant cloud liquid water content of 0.1 g m -3 to the zonal distribution of cloud liquid water content derived from CloudSat precipitation product as
where L c (g m -3 ) is the zonal distribution of cloud liquid water content derived from CloudSat precipitation product shown in Fig. 4 . We refer to this version as GSMaP4. Figure 5 shows the result for GPROF, GSMaP3 and GSMaP4 over the eastern sea of Australia. For this case, the CloudSat observed the shallow rain (~2.5km). GPROF (Fig.  5a ) and GSMaP3 (Fig. 5b) do not detect the shallow rain. On the other hand, GSMaP4 (Fig. 5c) detects the shallow rain.
Over the sea east of Australia, the rain/no-rain threshold values of cloud liquid water content of GSMaP3 and GPROF are higher than that of 0.051 g m -3 derived from CloudSat precipitation product. With lower rain/no-rain threshold value of cloud liquid water content from the new parameterization, the shallow rain is discriminated from the nonprecipitating cloud. While the total precipitation amount of GSMaP3 is 3.19 mm month-1, the total precipitation amount of GSMaP4 is 3.49 mm month -1 . By adopting the proposed new parameterization of cloud liquid water path, the total precipitation amount of GSMaP4 is increased by about 9 % due to detecting a shallow rain. Figure 6 shows a probability density function of rain rate for GSMaP3, GSMaP4, PR and CPR in 2007. The probabilities of rain rate less than 0.1 mm Fig. 6 . Probability density function of rain rate for GSMaP3, GSMaP4, PR and CPR.
h -1 for GSMaP3, GSMaP4, PR and CPR are 14.6, 20.8, 10.6 and 27.8 %, respectively. Because CPR can detect more light rain area than PR due to the sensitivity to light rain area, the probability of 27.8 % for CPR is the highest. The probability for GSMaP4 improves by 6.2 % as compared with GSMaP3 because GSMaP4 detect the shallow rain with weak rain rate.
Conclusion
We determine the rain/no-rain threshold values of cloud liquid water path to detect the shallow rain using CloudSat precipitation product and liquid water path derived from Aqua AMSR-E.
The rain/no-rain threshold values of cloud liquid water path derived from the CloudSat precipitation product are lower than that of 0.5 kg m -2 for GSMaP over the all regions. The rain/no-rain threshold values of cloud liquid water path are at its peak in the tropics and decrease poleward. It is also found that the seasonal variation is larger in the subtropics than in mid-latitude.
The rain/no-rain threshold values of cloud liquid water content are computed from cloud liquid water path divided by the zonal mean storm height derived from PR3A25. The rain/no-rain threshold values of cloud liquid water content are much lower than that of GSMaP algorithm. The rain/no-rain threshold values of cloud liquid water content are almost same as that of GPROF in the tropics, but are lower in the mid-latitudes.
The parameterization of rain/no-rain threshold values of cloud liquid water path is revised using the rain/no-rain threshold values of cloud liquid water content computed from CloudSat CPR precipitation product and PR3A25. The comparison between GSMaP with previous parameterization and new parameterization shows that GSMaP with new parameterization detect the shallow rain where the CloudSat observes and GSMaP with previous parameterization does not detect the shallow rain. As a result, the total rain amount is increased by 9 % and the probability of rain rate less than 0.1 mm h -1 for GSMaP4 improves by 6.2 % as compared with GSMaP3.
